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FOREWORD 

The NASA Aircraft Energy Efficiency (ACEE) Composite Primary Aircraft 
Structures program has made significant progress in the development of tech- 
nology for advanced composites in commercial aircraft. Under NASA sponsorship, 
commercial airframe manufacturers are 3 years into programs to demonstrate 
technology readiness and cost effectiveness of advanced composites for second- 
ary and medium primary components.  Timely dissemination of technical informa- 
tion acquired in these programs is achieved through distribution of quarterly 
and final written reports and through periodic special oral reviews. 

The second special oral review of ACEE Composites Programs was held 
August 11-13, 1980, at the Olympic Hotel in Seattle, Washington.  The con- 
ference included comprehensive reviews of six major composite component devel- 
opment programs by ACEE composites contractors:  Boeing Commercial Airplane 
Company, Douglas Aircraft Company, and Lockheed-California Company.  In addi- 
tion, a special session included selected papers on NASA sponsored research 
in composite material and structures.  These latter presentations are collected 
in this NASA Conference Publication. 

Individual authors prepared their narrative and figures in a form that 
could be directly reproduced in this volume.  The material is in facing page 
format and is essentially the same material used in the oral presentations 
at the review.  The assistance of the Scientific and Technical Information 
Programs Division of the Langley Research Center in publishing these proceed- 
ings is gratefully acknowledged. 

The identification of commercial products in this report does not con- 
stitute an official endorsement of such products, either expressed or implied, 
by the National Aeronautics and Space Administration. 

Herman L. Bohon 
Conference Chairman 
Langley Research Center 
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CD   a v—'          CJ         X    CU   CU  rH   5-1 U   G •H Pri-H        coed»        (-is-icdm ft cd 

oco-Hft-acs-icda J-l 
5-< cdcd        g   cu -H   o        o   6C CU   OJ 
O • ,3           cBvHCOCOCJCUrHö X:   rH 

M-C coocDa)       cda)      ,3      -H 4-1    0 
a)0JJ-l5-l>1CDS-(4-l4-IC4-l4J 4-1 a 03 5-1  g    3    cd ,£>    S-<         -H           Ocd M-l w 4-1 3       öo           a x  g  s       co O   0) 

H to 4-J.-Hv-iC0X3G5-iv-lr3cd 60 
?s •H üäIHHOITH   an)       4J  R 5-1    cd o !*! 35-1           cd4J                 ft 4J    g   O cu   g 
M cu ^   3   111  'H   (1)   111  ,C          COOJ-4 xi   cd 
H uuj:ijiii^*J03^p, ö xi 
C/3 X) CO   CJ   4-J    CU   5-1           60 4->   M    60 •H 
W CU 3         4-J   CJ   3   3        ,3          60 cd  cu > a) 3   5-i   3   cd          K   D-d  u   ill   ß g   co z 3 04->OgcUCJMCU         ,3  -H cu  cu 
IH 'H   CO                    60          4->   4-J    CU    4-1   4-J 5-i  -3 

H co       3   cu  cd  co   to   cd ,3        co 4-J o IT) CO   CU   3  ,3   g   CU          3H   MOJ CU is •H CUr304JCd4JCUr-l            3    S-l r3       g M 4-) h  4J  £         X    cd  r-H    cd         -H   5-1 H   O w 3 a,      ii  ß       c-H>-4Jcd 5-1 
m      ^-N cd BÖ           vH   rH   »H    CO    0)    CU   -H 14-4 ^o 4-1 0  'H    ü          cdgö          CJ    g   5-1 
C/3 to o       !-i4JOcda)öoc-HO CO    CO 
H          0) rQ C0CdCOOtH4JCCdrHL|-l X   4J 
PM          5-4 3 <U   4-J           3H                -H   M cd  iH W           3 CO 4-ICOC05-I       -u   a)  cu  cu   5-1  co O   3 
U          60 •HBuJUBidi^HOd) i-H    CO 
S         -H cd to   h    10   4J J3   «)    M          O           3 cu O         PH 0423          4J   4J    OJ    I)   u    60  IT 60  5-1 
U         '—- ■u ft 4->   S-i    a>                 >   ^           Ö-H 3 

cd g           ÄX!4JCUC0n)Q).HÖ •H :>, 
H rC O   S-i   4-J  H   cd ,3    3          M4J J3 X)   5-1 
C_> 4J UO                 J3   4J    [J    91    ij    B)    o 3   cd S ■i-) a)       4J        s-iggaia) cu   3 
pi 4-J x  cd   to    •       u-i4-ia)cd5-i4-) ,0   -H 

CO cu  g   cu   co  o   o       4-i xi   M s w CU XI           £    C    01               "CO            Cd    60 X   -H 
tJ 60 cdOHo      x x:  >^ a)       s CU  H o 60 Og           T-l    CO   i-H    4J    CO    4-J   X   T-l CO    CU 
H d H   U           4J    g    O    60         -H    5J    3 O    5-1 

CO •   cdcoxiööcocd'H ft ft 
W ^SS-lM-HCOCU-HO^g g 
CJ CO H  'H    dl    3    C    HI    h   (1)    ft   O   IJ •H    CU *5 4J •H             4J60cd5-l4-JCUg4-)X g S >H >XS-H,3,SC0    5-iO          (U X   o 
"3* 3 !J    0)    0)   14    Ü   4J                    OX) 3   co 
P CO cu   3 u   3  cu       H  ID        a)  en cd a) ,3  co        ogaicUiH^gcu 60 

5-1 S-i^CU          M   (Dfl   WTI   > CU   3 
CH3CJ          CU    3    ft   cd  vH    cd .H 3 -H 

60 O    ft   5-1   iH    60 rH           iH    |3            O cd   co 3 cd   cd  cd -H   co -H        co  > r-\     CO 
•H aJöOaiMgcdcdcdco -na ft  3 
X CJ   3    CO    3   cd  4-t           >   CU         -H 3   CJ 

CD 3  -H    CU   4-J  X          ,3    Cd  -H    CO •H   CO 
CJ cdaiptjcj       cu   o       4JÖC0 •H cu ^-Q           3(U,C3>,HOvH 60X3 
5-1 cu       >,s-ij:4Jcoi-ia)-Hx; 3 
P< H   B)    OJ   JJ   JJ                 H    CHJH H    O 

o-HrHc/i       xicocdocd 4-1   4-1 
CU 4-1          60         60  3    CU  -H   M    5-4 3 

X! uß^ßtJHCJftS     • -Q   X 
H CU    CJ    Cd   CN   -H           ,425-1            60   <U H    CU 

öO cu >-4 ^ x x  cd  cu  ö-H öO U   4-J 
cd  •<—)                C    0)  -H    S  -H   U-i   cd 4-1    O 
E^oDijüngoise co   > 
cd3^334-»3cdOCUOcä H   CU 
XC04-ICdCOX!>CJ5-)CJX 3  X 
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CU 
M 
3 
00 

•H 

CO 
►J 
<U 
M 
Pi 
w 
H 

13 
tu 3         1 

^3 cd       B 4-i 
■P 

cu  cu 
cu             cd  o 
MO                rH 

CO    CU (3  43    (3 cu o       cu  co 
O    M   4-1 •H   4J   -H £         13  13   CU   0 
4-J   cd   o cu            cd CO    CU           -H    4-1 
Co        nj M   13    3    4-1 4J     Cfl   J4     ß   rH 
C   m  ft cu   cu -H 43 cj        3 T-I   ft 3 

■H ID e £  43          O cfl  43  vH                 O 
e 4J -H •H    4-1 ft    CJ   rH     0)     CU    -H 
cfl   CO cfl   M   3   CU B     3           4J   X    44 

-H 3 s 4J    Ü    G)   ^ •H    CO    >,   cfl   4-1    Cd 
■H    01 cd  co  a rH     ft            3 

4-1 -a ,c 13    CU    M    3 O    CO   rH   T-I    3   -H 
(OH? 13   CU   cfl 4-i   cu   cfl   a  cd   B 
0)   o CU            ft   CJ •T-<   O  -H  ,3    cfl 
4-1           13 CO   4-1 O   rH   -H    44    44   rH 

cu   crj cu  cfl o  co 3   ft  3   M          CU 
13  X   O rC     flCO\ 13          cfl   cd   M 13 
(U   HH H 4J i  e • 3 43   ft cu 

T3 m CU M    CU    Ü         A!   HI 
cfl          3 CO  <N   O ft o  cu  cu  o  a 43 
O     •   O •   cfl        o cd •H     £    ß    44   -H    44 

rH    CU  -H >,         4-1   i-H 4-1 M   4-1                43 
M   CO 4-1    CU    0 cu  cu cu  cu 4-J  cu 

ß   3   «1 •H   rH           >> rH 4J   43    M   rH            CO 
o  t>o cij o -H   co rH cd 3          cfl  43   >,   3 

■H   vH   M o 4-1 4J  cu 3 •H    CU          cfl rH    cd 
co m  a, in   a   3 4-J o rH   rH   rH   rH     CJ 
co        6 cu  cu  cu   cd •H cu   öO cd T-I  cd 
cu   cu   o > T-. B   B 4J 4-1   3 -H   cd   M   O 
M 43   o O    CU  -H o cd   cd  M   >  cu 4J 
a, 4-I 4-1    M     >     X OJ 3         CU   cfl   3 
S         T3 CJ   ft  0   0 M •H    0)   4J          CU  13 
O   3   CU cfl          MM •H B 43   cd   co  öO cu 
O  -H  -H ft  4-1    ft   ft 13 Cfl    44     B     CU             M 

rH B   cj   B   ft •H rH                a   CU  -H 
o  3 ft •H    Cd   vH    Cfl 3 3   CU   cd   M    3 
s & ft ft 3 CU   -H   4-J   4-1    Cfl    cr 
4J    O    Cfl cu  B J-1 4-1 43         -H    M          CU 

43 rH  vH    cfl    O o 44    CU  43    CU    CJ    M 
C   co   o •H         43 4-1 bO  ft 4-J  -H 

■H             4J 4J   TJ   4J    >, 3   3   cfl   3   M   co 
cu o s      4J 13 •H    cfl   M  -H  43  -H 

0)    M   0) CU    cfl   cfl  -H cu 43   M         cd 
M  cd  3 •I-)           4J     CJ CO CO     CJ           144   IH  n 
0             T3 o a cd o o cu       3  o       3 
H    cj M     CU   13   rH ft M    M   CU          CU  -H 
•H  vH    3 ft B        cu ft 3   O   >   M   4-i   cd 
cd    M    CU •H    CO    > o rH  T-I  O    CU  -H    M 

4-1   43    6 CU    CJ   vH •H    cd   £3  43 43   44 
cfl  -H 43     CU   J3     CU CO cfl   B        B   ft co 

T3 m   u 4J     ft   44   rH cd 4-4            4-4     3     Cd   v-' 
cu       cu CO           T-l cd   O    3   M 
4-)    CU    ft CU            S   4-1 rH 4-J                      M) 13 
Cfl    4-)    CO M    4-J    0    O cd Cd    CO    CO    CU            Cfl 

•H   -H cfl  en   M   cu •H X:  -H   CU 43 4-4   o 
4-J 43  cu CU   4-1   T-) u 4-1            -H    44     0   rH 
•H    ft,C CO    4-J            O CU CU   rH 
Ö    Cfl   4-J Cd          4J    M 4J M   M   ft   60 CO    M 

•H    M CO   M   3   ft cd cu   cu        3  cu   cu 
1     ÜO  3 co   cd   cu B •rA  X   CO  -H  T-I  43 

4-1          -H •H  rH   M    cd rH    4J     CO     CJ   rH     00 
O    3 CJ T-i   cd CJ M          O    3   ft -H 
cd cu s CO    B    ft  4-1 •H cfl    3   M  13         43 
ft   >  -H 43   T-I    ft   cd u CU    CU    CJ   CU   CU 
B   p   cd Cfl   CO    cfl 43 X          M  43    cd 

•H    &   M 13 cd •AM          44 
4J CU     Cfl     CO    rH 4-1 CU         43    t>, 

m   S  co X         -HO 44  13  H  43     "   CU     • 
o  o 4-J    M        J3 CU O    CU          CU   O    M   >^ 

M  rH 3    4J    CO 4J 3    O          M   CO    O rH 
CO   4-1    cd 13  vH  H    CU •H 3       •     CU   rH   4-1   rH 
4-1          vH ß    CO            M X. CO    3   CO  43  <!    CU   cd 
Hfl    H cd   3         -3 ft cfl    O   cfl   44          MO 
3   CU   cd •   4-1 cd $   G   C                CU   O 
CO    4-J 13  13  >—I M O  -H    M     •  43 rH 
CU    cd  13 cu   cu        cu 00 4-J   M   B   O   3   4J 
pj    O    111 M    3    CU    M M    ft  cd  43    O          O 

•H  -H M  -H    M    3 ÖC rH    4-1   -H        «i-H 
M  rH 3    cd    3   rH 3 4-J          O   44    CU 4*S 

43    ft a 4-i  öo -H •H CO O      60  cfl    ft  Ü 
cd   ft U  43   vH    cd CO O  O    O    3    cd   3 

M-i   cd O    O   pH   M-I 3 B   ON    44   T-I    4-1  43 
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en 3 

CD 

3 

4-1 4J 3 CO CJ 

MH rH O   -H 3  XI •H   3 3   CD •H 

o 3 4J   X 4-1   4J    4-1 X   3 XI -H S-l 

3    CO ft CO    3 4-1   CO H ■M 

0) X       3 O   4J     1    Xl     3 3    3" ^—' 3 3 
0 0) u 4-1   U 4J   O    O   3    S-i 4-1  -H    3 S-l •H 

u ß 3  ,3   CO    00 B  H O   CD •   3 
3 cö M-I    3 5-4   ft 4->   3 3    3ft M-i   3 P^  S-l 3 

00 S-i o g 3   g   U         X ,3   rH     g <! •H rH    4-1 CD 

•H 3 o r-t   -H     O    CO    4-1 H          3 CD   4-1 4-1    CO 3 

MH H rH    CD •H                 3    00 3    X X 4-1    S-l 3 X 
O 3 g  -3    >> &    3 XI    3 •H 3    3 3    3 4-1 

U 4J •H  XI •H    3  rH          3 •    4-J S-l 3   ft S-l  Xl 
3 4J    3 CO    3    ft    "   S-l 3          S-i 4-J O   O 3   4-J M-4 

•H 3 3   3 CO 4-J T3   S-i    O 3 CJ   S-i M-I O 

H 00 3 3   CO  00   CN  CO ID   Oh g a ft M-I x) 
S-i cd 4-J   4J S-l    rH    O"   ,-* 0   MH 3 •H   3 5-1 

3 g O   CJ 3   3         Ofl S-i 3 X)   3 o 
(1) cd ft  3 ö <; o> M 3   S-i     • o • X   rH •H 

-3 ft 4->   3         --» vH £    3    CD MH CD •H  -H >, <d > 
3 cu g Oft        O  X XI    3 3 S-l    CD rH 3 
3 OJ X  -H rH            • --~ T3   00 «H 00 3 4J     3 rH     X X 

,3 4J P,  4-J     CO   LO     3 H'ri   U CM g 3   3 3  -H 3 
3 4J >•> CO    3   <",  g 3  -3  -H O •H g   4-1 •H    S-l X 

•H CU  X 3     3     S-l   +|   3 O           Ü o CJ 4-J   4-1 
3 4-1 ,3   4-J   3 -«.   co O   >->   O • 3 3   3 3   3 3 

Xl •H 3   XJ 4-J            00   CM. rH   rH o ft X   -H 3    0 X 
CJ 3   CU 00 -H  O    3 3   rH    3 CO 4J    CD 4-1 4J 
03 OJ rH    00 d ßtH\^j O    3    > 4-1 3 CO   M-I 

C/3 co r-l 3   3 O -H         m  H CD  -H 3 pq M-I    S-l X   o O 

is 3 O >   6 CO    S-l  <T •H   4-1    4-1 O O 3 4J 

o O S-i CU   3 3    3    3+| S-i   3   Ü X X 4J CO    4-1 3 
M CO X) £         -r-l -J    • 3   3   3 3 •H >> 3 3 •H 

H •H 4-1 O O   T!   H    CM« ft  4-1    ft S-l 4-1    3 0  X 
< XJ 3 4-)    CO XI   3    S-i  O 0   CO   g CO 4J S-i   3 S-l    4-J 4-1 

U cö rH CO   C    Bt^3 O  £  -H •H 3 3 o X 
M a 4-1 T3    01 •H   3 m   3 CJ    3 g ft  3 M-I    3 00 

PM o u CU    3 3   3         -<t, 3 CD    S-l X) O X S-l    CJ •H 

H •H o 4-J    3 CO   4J    3  +1 4J          3 3 3 S-l   4-J 3  -H CO 

o 4-1 ft CJ    ft CO   X   ,3  ^  <! cj co x: 3 X ft ft  & q 
O             /-s CÖ g 3 •H    O   4-1 3  -H    00 ft 4-1 M-I 4-1 •H 

S        00 3 •H X)   MH O                      "CO S-i         -H CO rH     O CO 
•H 3   o CD    3   M-I    3    g ■<-i    G  £ S-l 3 3      r^H 

!S          (D g 3 O £   U    O   O    3 TJ  -H 4-1 o •H    3 •H   rH CO 

M           S-l cö 3 CJ X 3   3         -H   4-J 3    3 CJ M-I S-i   O CD   3 3 
c/}         3 rH 4J S    3   4-J   CO 3   SJ  X 3 3  -H 3   4-> o 
W          OO 0) >-> 3   ÖO xl          co   3   >i 4-J   4J ft CN 4-1   4J S-l   3 •H 

Cd         -H X3 3 CU   3 3    3    O   4->    CD 4-1    CO g VO 3   3 g 4-1 

Pn rH 0)   CU 3   3  X   3 3          4-1 •H o g   3 3  -H ■H 

x P-J3    >4 O   4J   3    X XI  T3    3 o •H X   X X) 
00 4-1 3 X!         -<-t  -<-t 4J   rH CD • 4J     0 4-J    O Xt 

CO 3 >^ CU    CO 4-i   co   O   S-i   5-i o   c^ ^^ o 3   3 S-i <3     . 
i-J O 3 > 3          4J   O   4-1 O   XI   rH g X   X 4-1    ft 3 

<! u 0 3   3 3    3                 3 CD    CO   rH >. £   3 3   ft 5-4 

M X ,3   O •H   4J    S-i    00  0 3    3 o rH X   3 •   3 
Pi 4J T-\ •H 13   3    3   3 CO   S-l  vH o 3 O   3 4-1 3   00 

W 3 CO    CO S-l   XI   rH  -H   £ 3  X    CJ r—1 4-1 4-1    3 CO 00 TH 

H 3 •H CU    CO O          -H    5   4-J O   4J    3 3 >^-H S-l  MH 

!-i U •H    CD 3    g   O    O •H           ft 3 g CO      " rH 3 
S 3 3 XJ    S-l 3  X   -H  rH   £ S-i   3    CO •H 3   S-i 5-4 pq rH   4-1 

rH ■u 3   ft X  H    CO  rH 4-1   S-l    3 U X O 3 X 
•H 3 4-J   g H                 O    S-l 3   3 O o S-i  -H 3   X CO   3 
cd g CO    O O  M-I    O g   rH   rH M-J u 3   > rH   -H 3    3 

Mn o •   CO         MH •H    3 ft 3   3 a   S-i 
X >> •   1^   rH     3 X   3  -H 3 ft rH   X 4-J CD   3 

M-I •H S-l   (1) 3          3 ,3    CO 4-1   M-I    S-l •H 3 CJ   3 CO   3 3  X 
O S-J 3 ,3 S4 3         4-J   3 O          3 3 3 X &    g 0   4-1 

4J 3   4-1 3    3    3          3 £>   3   4-1 S-l O 3 O •H 

3 3 ■H 00  3   S-i  ,3    g JZ    3 4-1 4-1 4J X   MH W    § o g g oo •H          3   4-1  -H ,3   4-J    g CD CO    O CD    O O 
•H •H   3 MH  I—i    |3  -H    CJ 4J T3 ■H   3 S-l    S-i 
4-J 3 rH   -H &    3 •H   4-J  pq •3 3 ft /-> X 3   MH 

3 X 3    > 11)    ID   3            ft S   3 rH S-l 4-1    0 3    4-1 o 
00 4-1 r-4      O X   3    O   3    CD X!    X O 3 •H  -H S-l    00 M-I   T3 
cd CM   S-I 4-1    S-l   >H   4J T)   4->   -H X ft 3   3 3 

ft 4J ft 3 x  3 4J 3          S-i CD 0 X   3 00 3 ^ 3 
o 3 g 3   00  ^   3   CO CO    5    4-1 3 O 00-H •H    S-i rH   -H 
s-i ,3 •  -H •H   -H          -r-l    3 3   O   3 S-i CJ 3 M-I   4-1 3   3 
ft 4-> CO PM    CO    g    4-1 X   g X O   3 CD 4J   4J 

<U   3 3         3   3 CO    CD 4-1 CO X   O 3 3 X 
CD CO 4-1  vH g   M-I     O   rH     3 3          3 3 4J   3 O   3 g   o 
,3 4-1 •H O    O  -H         ,3 S    CD   x 3 3 rH    3 4-J •H 
H CO CO    X XI           4-J    CJ    4-1 4J    4-J S-i g <d s-i 4-1   3 X    3 

3 O   -H CO   3  -H  -H S-l   rH 3 •H 3 S-l    g O  X 
00 ft   5-4 CO  T3   ft  3 3   3 X rH CJ M-4 3  -H 5-1 
oo 0   4J 3   O    3   O  Ai X     CO    4-1 •H 3 MH CD   4-J ft  ?*, 
3 0   3 S-i  XI    O   S-l    3 •H    3   -r-l 3 ft •H 3   rH ft  3 
CO o g 3   4-J    CJ   4-J    g M-I    S-l    £ M-I CO T3 •H   3 3   g 
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CO CU pq        cu 
o +J 1    !* 5-1                   4J 
4J  H 3   X 0 3 x cu ca 

3 cu ca 5-1 3 4-1   vH     CU   rH 

T3    CO X Ü rO ca 1 Ü    5-1   CO   CU 
0)    <U 4-> cu X 5)   4J  ^   54 

e n (U   4-J K 5-1   ca        M 
»-I 3 rH    5-1 0 ca M-l   0   3   O 
O    CD o X    O 3 0 o   ü 

14-1     Xl 3   ft 3 <U    CU  -H 
>-i  H d O    OJ •H CU X   X   4J   4J 
cu 3 •3    5-1 0 X 4J 4-i ca XI 
ft o 

Xl T)    <U H 
4J 0   00 

3    QJ CO cu   co ca #* 3   O   O    0 
a)  ü 5-1    O OJ ca     «w 
CD    3 cu CU  ,0 3 M X   0) X 

JD   ca 5-1 ft  4-1 ca 3 <J   4-1   Id   4-1 
5-4 ca ca 60 M       bO 

<u  cu 4J    O o •H M-i   3   cu   3 
> >-i ^o 4-1 4-1 «w o  cu  3  cu 
cfl   o X 5-1   ca    5-1 
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